Key Points {#FPar1}
==========

Change-of-direction speed is a fundamental physical attribute in many field- and court-based team (e.g., soccer, handball, rugby) and individual sports (e.g., combat sports, tennis).Resistance training appears to be an effective means to improve change-of-direction speed in youth and young physically active and athletic adults.It seems that sex and age categories can moderate the effects of resistance training on change-of-direction speed with youth and males showing larger adaptive potential than adults and females.Results from independently computed single factor analyses for different training variables revealed that higher compared with lower resistance training volumes, frequencies, and intensities appear not to have an advantage on the magnitude of training-induced improvements in change-of-direction speed.

Introduction {#Sec1}
============

The ability to change direction while sprinting, also known as change-of-direction (CoD) speed, is a fundamental physical attribute in many field-based team (e.g., soccer, handball, rugby) \[[@CR1], [@CR2]\] and individual (e.g., combat sports, tennis) sports \[[@CR3]--[@CR5]\]. Skilled change-of-direction movements represent an athlete's ability to decelerate as quickly as possible (i.e., braking phase) before rapidly re-accelerating (i.e., propulsive phase) in a new direction \[[@CR1], [@CR6]\]. Results from analyses of different sports have shown that CoD actions occur frequently (every 2--3 s) and repeatedly (\> 1000/game) in soccer, tennis, rugby, and basketball \[[@CR7]\]. Additionally, it has previously been demonstrated that CoD speed is effective in predicting on-field performance in American Football \[[@CR8]\]. Further underlining its importance, CoD speed has been used to discriminate elite from sub-elite soccer players \[[@CR2], [@CR9]--[@CR11]\], representing a practically relevant parameter for talent identification and selection \[[@CR9], [@CR11]\]. Accordingly, it is important to systematically develop CoD speed to increase sport performance and, ultimately, success in competition.

Several neural, biomechanical, anthropometric and musculoskeletal characteristics are associated with CoD speed \[[@CR1], [@CR6]\]. Leg muscle quality, which is an umbrella term for reactive strength, concentric strength and power, eccentric strength, and left-right muscle imbalance appears to be an important predictor of CoD speed \[[@CR6]\]. Generally, resistance training (RT) is an effective way to improve these muscle qualities in different populations across the lifespan and particularly in youth and young adult athletes \[[@CR12], [@CR13]\]. This implies that RT-induced improvements in leg muscle quality may translate to CoD speed \[[@CR14]\].

A number of published narrative reviews have reported testing-, training-, and performance-related issues associated with CoD speed \[[@CR1], [@CR2], [@CR14]\]. For example, Brughelli et al. \[[@CR14]\] summarised previous longitudinal studies that examined the effects of RT on CoD speed in recreationally active and athletic individuals. These authors reported no effect of strength and power training on CoD speed. However, it is noteworthy that most of the discussed protocols in the review of Brughelli et al. \[[@CR14]\] lacked a control condition \[[@CR15]--[@CR18]\] making the inferences far from conclusive. In a systematic review with meta-analysis, Lesinski et al. \[[@CR12]\] examined the effects of RT in young athletes on a wide range of measures of physical fitness, including CoD speed. These authors revealed that RT had moderate effects (standardised mean difference \[SMD\] = 0.68) on CoD speed. However, they did not provide specific training-related recommendations on how to prescribe RT to enhance CoD speed. Moreover, findings were limited to youth athletes aged six to 18 years. Additionally, both Brughelli et al. \[[@CR14]\] and Lesinski et al. \[[@CR12]\] adopted a broad definition of RT and included heterogeneous intervention programmes that used complex and/or plyometric training. Indeed, the effects of the latter on CoD speed have previously been meta-analysed \[[@CR19], [@CR20]\]. Specifically, Asadi et al. \[[@CR20]\] demonstrated that plyometric training was effective in improving CoD speed (effect size \[ES\] = 0.96) in physically active and athletic populations. Similarly, in another meta-analysis, Asadi et al. \[[@CR19]\] showed that plyometric training improved CoD speed (ES = 0.86) with a tendency towards greater training-related adaptations in more mature (mid \[ES = 0.95\] and postpubertal \[ES = 0.99\]), compared with less mature (prepubertal \[ES = 0.68\]), participants. Despite these findings, to date, no systematic review has examined the effects of RT (characterised by actions against external resistances \[[@CR21], [@CR22]\]) on CoD speed in youth and young physically active and athletic adults.

Considering the above, the question of how to appropriately prescribe RT to optimise CoD speed needs to be further clarified so that coaches can build more focused programmes for their athletes. In an attempt to fill this gap in the literature, the first aim of this systematic review with meta-analysis was to characterise the effects of RT on CoD speed in healthy youth and young physically active and athletic adults. The second aim was to identify the main RT programme variables that could be used for training prescription.

Methods {#Sec2}
=======

This meta-analysis was conducted according to the preferred recording items for systematic review and meta-analyses (PRISMA) statements \[[@CR23]\].

Literature Search {#Sec3}
-----------------

A systematic search was conducted in PubMed, Web of Science, and Google Scholar with no date restrictions up to October 2019. Only controlled trials, which were peer-reviewed articles published in English, were considered. Keywords were collected through experts' opinion, literature review, and controlled vocabulary (e.g., Medical Subject Headings \[MeSH\]). The following Boolean syntax was used: "resistance training"\[Mesh\] AND ("change of direction performance" OR "change of direction speed" OR agility) NOT (old OR elderly OR disease OR syndrome OR patient). Search results were screened by two researchers (HC and YN). In the process of selecting studies for inclusion, titles of all relevant articles were reviewed. Thereafter, abstracts and full texts were examined. Reference lists of review articles were manually searched for further potential studies that could be relevant for inclusion. An overview of the screening process is outlined in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1Flow chart of the included and excluded studies

Selection Criteria {#Sec4}
------------------

A PICOS (participants, intervention, comparators, study outcomes, and study design) approach was used to rate studies according to their eligibility \[[@CR23]\]. The following inclusion criteria were defined a priori. (1) population: a cohort of healthy youth and/or young physically active/athletic (male and/or female) adults, aged 8--28 years (2) intervention: resistance training intervention programme. With reference to previous studies \[[@CR21], [@CR22]\], RT was defined as "\[requiring\] the musculature to contract against an opposing force generated by some type of external resistance'' \[that is not bodyweight\] (3) comparators: active or passive control groups (4) outcomes: at least one measure of CoD speed (e.g., *T* test time, Illinois CoD test time, 5-0-5 test time) with the performance outcome expressed in seconds (5) study design: controlled trials with baseline and follow-up measures. Exclusion criteria were defined a priori as follows: (1) a cohort with health problems (e.g., individuals with diabetes) (2) outside the predefined age range (3) RT programmes using body mass only (e.g., plyometric training) (4) RT programme combined with a non-external resistance (e.g., complex training) (5) no passive/active control group, and (6) lack of baseline and follow-up data in the study.

Data Extraction {#Sec5}
---------------

Data extraction was performed by two reviewers (HC, YN) using a standardised form created in Microsoft Excel. The first reviewer collected data and the second verified study eligibility. In the case of no agreement regarding data extraction and study eligibility, UG was consulted for clarifications. To calculate effect sizes, baseline and follow-up means and standard deviations for the aforementioned outcome measures were used. Of note, given that time (s) was the main outcome measure, negative effect size values were used to represent improvements in performance. The characteristics of the included studies are displayed in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}.Table 1Characteristics of subjects from the included studiesStudyStudy groupSexSportAge (years)Body height (cm)Body mass (kg)ParticipantsTraining statusHammami et al. \[[@CR48]\]ExpMaleSoccer16.2 ± 0.6175 ± 358.0 ± 6.216Experienced levelCont (active)16.8 ± 0.2168 ± 558.1 ± 5.212Negra et al. \[[@CR47]\]^a^ExpMaleSoccer12.8 ± 0.3159.3 ± 8.447.8 ± 6.812Regional levelCont (active)12.7 ± 0.3153.2 ± 8.642.5 ± 5.511Torres-Torrelo et al. \[[@CR63]\]ExpMaleFutsal23.8 ± 2.4177.2 ± 0.173.6 ± 7.012Third divisionCont (active)24.7 ± 4.7176.5 ± 0.175.9 ± 7.110Prieske et al. \[[@CR45]\]Exp 1Male and female22.6 ± 2.6176.6 ± 8.773.5 ± 10.710Physically activeExp 223.4 ± 3.2178.2 ± 972.2 ± 9.69Cont (active)22.9 ± 2.4174.9 ± 869.7 ± 10.116Negra et al. \[[@CR46]\]^a^ExpMaleSoccer12.8 ± 0.2160.4 ± 9.149.2 ± 8.113Regional levelCont (active)12.7 ± 0.3154.5 ± 11.145.4 ± 8.111Mcbride et al. \[[@CR44]\]Exp 1MaleVarious activities24.2 ± 1.8181.7 ± 3.584.4 ± 4.69Club levelExp 221.6 ± 0.8179.5 ± 2.080.5 ± 3.810Cont (active)22.3 ± 1.8176.5 ± 3.079.1 ± 4.27Tricoli et al. \[[@CR64]\]ExpMaleVarious activities22.0 ± 1.5179.4 ± 8.873.4 ± 10.712Recreational levelCont (passive)8Christou et al. \[[@CR43]\]^b^ExpMalesoccer13.8 ± 0.4162.0 ± 3.852.0 ± 3.39Experienced levelCont (active)13.5 ± 0.9163.0 ± 2.554.1 ± 2.09Yildiz et al. \[[@CR65]\]Exp 1MaleTennis9.6 ± 0.7134.1 ± 6.831.3 ± 4.110Recreational levelCont (active)8Whitehead et al. \[[@CR66]\]ExpMale21.3 ± 1.8177.3 ± 9.480.0 ± 2.610Cont (passive)10Kraemer et al. \[[@CR67]\]Exp 1 (Periodized)FemaleTennis19.2 ± 1.1167.9 ± 5.660.5 ± 7.79Experienced levelExp 2 (non-periodized)18.6 ± 1.3167.0 ± 4.160.8 ± 7.810Cont (active)19.3 ± 1.6167.3 ± 6.160.1 ± 7.68Hammami et al. \[[@CR68]\]^c^ExpMaleSoccer16.2 ± 0.6175.0 ± 3.058.1 ± 7.319NRCont (active)15.8 ± 0.2168.0 ± 5.058.2 ± 5.012Deane et al. \[[@CR69]\]ExpMaleVarious activities21.2 ± 3.9182.6 ± 6.8--13Physically activeFemale22.2 ± 3.9164.9 ± 6.2--11Cont (passive)Male21.4 ± 1.4181.7 ± 6.8--11Female20.9 ± 2.8164.5 ± 8.4--13Aloui et al. \[[@CR70]\]ExpMaleSoccer18.3 ± 0.8184.0 ± 5.083.4 ± 17.015Elite levelCont (active)18.8 ± 0.8185.0 ± 7.078.7 ± 13.815Barbalho et al. \[[@CR71]\]ExpMaleSoccer18.8 ± 0.8178.4 ± 6.273.1 ± 6.612Professional levelCont (active)19.1 ± 0.9176.3 ± 8.672.0 ± 5.911*NR* not reported, *Exp* experimental group, *Cont* control group^a^Prepubertal^b^Adolescent^c^PubertalTable 2Characteristics of the training interventionsStudyStudy groupNumber of weeksTraining frequency (per week)Total training sessionSession duration (min)CoD testTraining programmeTraining modalityHammami et al. \[[@CR48]\]Exp821645Sprint 4 × 5 m9--3--6--3--9 m sprint with 180° turnsBack half squat (70--90% 1RM); 3--5 sets with 3--8 repetitionsFree weightsCont (active)Regular soccer training--Negra et al. \[[@CR47]\]^a^Exp1222435--40Illinois CoD testBack half squat (40--60% 1RM) using Smith machine; 4 sets with 10--12 repetitionsMachine-basedCont (active)Regular soccer trainingTorres-Torrelo et al. \[[@CR63]\]Exp621220--2525 m sprint with 45° CoD each 5 mFull squat (2--3 sets with 4--6 repetitions at 1.2 m s^−1^ \[\~ 45% 1RM\] to 1.0 m s^−1^ \[\~ 58% 1RM\])Free weightsCont (active)Regular futsal training--Prieske et al. \[[@CR45]\]Exp 1631845--60*T* testResisted linear sprint, heel-to-butt, knee lift, jump running, and lateral shuffle using elastic straps attached to a motorized treadmill (20--70 maximal sprint velocity, 3--5 kg expanders, 1.5--8% slope)--Exp 2631845--60Leg press, leg curl, knee extension, and calf raise (40% 1RM, 3--5 sets, 10 repetitions)Machine-basedCont (active)Regular physical activity--Negra et al. \[[@CR46]\]^a^Exp1222480--90*T* testIllinois CoD testBack half squat (40--60% 1RM) using Smith machine; 4 sets with 10--12 repetitionsMachine-basedCont (active)Regular soccer training--Mcbride et al. \[[@CR44]\]Exp 18216*T* testJump squats (5 sets at 30% 1RM; Number of repetitions per set determined by a decrease in PP output of 15%)Machine-basedExp 28216Jump squats (4 sets at 80% 1RM; number of repetitions per set determined by a decrease in PP output of 15%)Machine-basedCont (active)Regular physical activityTricoli et al. \[[@CR64]\]Exp8324Agility testOlympic weightlifting exercises: Half-squat (4 sets of 6RM); High-pull (3--4 sets of 6RM); power clean (4--6 sets of 4RM); clean and jerk (4--6 sets of 4RM)Free weightsCont (passive)Christou et al. \[[@CR43]\]^b^Exp162324510 × 5 mLeg-press, bench-press, leg-extension, pec-deck, leg-flexion, overhead press, lat pull-downs, calf-raise, sit-ups, and upper-lower back-extension (55--80% 1RM, 2--3 sets with 8--15 repetitions)Machine-basedCont (active)Regular soccer trainingYildiz et al. \[[@CR65]\]Exp 1832445--50*T* testChest press, shoulder press, lateral pull-down, seated leg extension, leg curl, among others (3 sets with 10--12 repetitions)Machine-basedCont (active)Regular tennis training--Whitehead et al. \[[@CR66]\]Exp82165-0-5 CoDSquat, leg press, leg extension, leg curl, lunges, calf raises (3 sets with 8 \[80% 1RM\] to 12 \[75% 1RM\] repetitions)Combined machine-based and free weightsCont (passive)Kraemer et al. \[[@CR67]\]Exp 1 (Periodized)163NRNRModified USTA-Agility testLeg press, bench press, shoulder press, dumbbell lateral raise, dumbbell internal rotation, among others (2--3 sets of 4--15 RM)Combined of free weight and machine-based exercises243NRNR363NRNRExp 2 (non-periodized)163NRNRLeg press, bench press, shoulder press, dumbbell lateral raise, dumbbell internal rotation, among others (2--3 sets of 8--10 RM)Combined of free weight and machine-based exercises243NRNR363NRNRCont (active)Hammami et al. \[[@CR68]\]^c^Exp821630Sprint test with 180° turns9--3--6--3--9 m sprint with backward and forward running4 × 5 m sprint with turnsHalf-squat (70--90% 1RM) with 3--5 sets and 3--8 repetitionsFree weightsCont (active)Regular soccer training--Deane et al. \[[@CR69]\]Exp8324NR4 × 5.8 m shuttle runHip flexion exercise using elastic tubing as a resistance tool (2 sets with 10 repetitions and a third set with maximal effort to failure)Free weightsCont (passive)Aloui et al. \[[@CR70]\]Exp821630Half *T* testKnee extension and hip extension using elastic bands of various resistance; 3 sets with 12--15 repetitionsFree weightsCont (active)Regular handball trainingBarbalho et al. \[[@CR71]\]Exp15345NR*T* testBench press, lateral pull down, shoulder press, leg press, free squatting with bar, seated leg curl, calf standing in the machine, among others (4--15 RM)Combined machine-based and free weightsCont (active)Regular soccer training*CoD* change-of-direction, *NR* not reported, *Exp* experimental group, *Cont* control group, *USTA* United States Tennis Association, *RM* repetition maximum, *PP* peak power^a^Prepubertal^b^Adolescent^c^Pubertal

Study quality {#Sec6}
-------------

The risk of bias of the included studies was assessed using the Physiotherapy Evidence Database (PEDro) scale and the methodological quality of studies was rated on a scale from 0 (high risk of bias) to 10 (low risk of bias). A score of ≥ 6 represented the threshold for studies with low risk of bias \[[@CR24]\] (Table [3](#Tab3){ref-type="table"}). Further, funnel plots were generated by plotting SMDs against the standard error of the SMD (seSMD) to visually inspect for asymmetry and to examine the risk of publication bias (i.e., systematic heterogeneity) \[[@CR25]\]. In a symmetrical funnel plot, the effects of smaller studies should scatter widely at the bottom, with the spread narrowing amongst the larger studies \[[@CR26]\] (Fig. [2](#Fig2){ref-type="fig"}).Table 3Methodological quality of the included studies based on the physiotherapy evidence database (PEDro) scaleStudyEligibility criteriaRandomized assignationBlinded assignationGroup homogeneityBlinded subjectsBlinded coachesBlinded investigatorDropout \< 15%Intention-to-treatGroup comparisonsPoint and variability measuresTotal PEDro scorePrieske et al. \[[@CR45]\]++----------++++6Torres-Torrelo et al. \[[@CR63]\]++--+------++++6McBride et al. \[[@CR44]\]+----+------++++5Hammami et al. \[[@CR48]\]++--+------++++6Negra et al. \[[@CR47]\]++--+------++++6Negra et al. \[[@CR46]\]++--+------++++6Christou et al. \[[@CR43]\]+------------++++4Tricoli et al. \[[@CR64]\]++------------+++4Whitehead et al. \[[@CR66]\]+------------++++4Kraemer et al. \[[@CR67]\]++--+------++++6Yildiz et al. \[[@CR65]\]+----+------++++5Barbalho et al. \[[@CR71]\]++----------++++5Aloui et al. \[[@CR70]\]++--+------++++6Deane et al. \[[@CR69]\]+------------++++4Hammami et al. \[[@CR68]\]++--+------++++6The eligibility criteria have to be excluded for calculation of the total PEDro score; "+" = indicates a ''yes'' score; "−'' = indicates a ''no'' scoreFig. 2Funnel plot illustrating the symmetrical distribution of the effects across the included studies. *SMD* standardised mean difference, *SE(SMD)* standard error of the SMD

Results Analyses and Interpretation {#Sec7}
-----------------------------------

To examine the effectiveness of RT on CoD speed performance, between-subject standardised mean differences (SMDs) were computed as follows:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{SMD}} = \frac{{{\text{Between - group}}\;{\text{mean}}\;{\text{outcome}}\;{\text{difference}}}}{{{\text{Pooled}}\;{\text{standard}}\;{\text{deviation}}\;{\text{of}}\;{\text{outcome}}\;{\text{among}}\;{\text{participants}}}}.$$\end{document}$$

To control for sample size, SMDs were adjusted according to the following equation $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\left( {1 - \frac{3}{4N - 9}} \right)$$\end{document}$ \[[@CR27]\] with N representing the total sample size. Quantitative data analysis was carried-out using RevMan version 5.3.5 \[[@CR28]\]. A random-effects model was used to weight each study and to determine the SMDs which are presented alongside 95% confidence intervals. The SMDs were interpreted using the conventions as outlined by Cohen \[[@CR29]\] (\< 0.2 "trivial"; ≤ 0.2 SMD \< 0.5 "small", ≤ 0.5 SMD \< 0.8 "moderate", ≥ 0.8 "large"). When more than a single intervention group was included in a study, the control group was proportionately divided to facilitate comparison amongst all participants \[[@CR30]\]. In addition, a multivariate random effects meta-regression was conducted with Comprehensive Meta-analysis version 3.3.70 (Biostat Inc., Englewood, NJ, USA) to verify if any of the training variables predicted the effects of RT on CoD speed.

The level of between-study heterogeneity was assessed using the *I*^2^ statistics. This indicates the proportion of effects that are caused by heterogeneity as opposed to chance \[[@CR23]\]. Low, moderate, and high heterogeneity correspond to *I*^2^ outcomes of 25, 50, and 75%, respectively \[[@CR31]\]. A value above 75% is rated as being considerably heterogeneous \[[@CR32]\]. The *χ*^2^ (chi-square) statistic determines whether the differences in the results of the analysis are due to chance and in such a case, a low *p* value, or high *χ*^2^ statistic, relative to degrees of freedom would be apparent \[[@CR32]\]. The level of significance was set at *p* \< 0.05.

Subgroup Analyses {#Sec8}
-----------------

Age was considered a moderator variable and participants were classified as a youth (8--18 years) and young adults (19--28 years). In the youth category, two sub-categories were considered: children (pre-pubertal, ≤ 13 years) and adolescents (mid- and post-pubertal, \> 13 to ≤ 18 years) \[[@CR33]\]. This range was used due to previously established maturation-related adaptations following RT \[[@CR34]\]. Sex was chosen as a moderator variable due to potential RT-related differences in adaptations between males and females \[[@CR35], [@CR36]\]. Training expertise was another moderator variable due to differences in the magnitude of RT-related adaptations between elite athletes and athletes of lower expertise \[[@CR37], [@CR38]\]. Athletes competing at the national and international levels were considered to be elite \[[@CR39]\].

Single Factor Analyses {#Sec9}
----------------------

Single-factor analyses for training variables related to the applied RT programmes were conducted. For this purpose, we computed the effects of single training variables such as frequency (i.e., 2 vs. 3 sessions per week), session duration (i.e., ≤ 30 min vs. ≥ 45 min), total training duration (i.e., ≤ 8 vs. \> 8 weeks intervention), total number of training sessions (i.e., ≤ 16 vs. \> 16), and training intensity \[[@CR40]\] on RT-related adaptations in CoD speed. In terms of training intensity, RT intensities between 30 and 69% of the one-repetition maximum (1RM) were considered light-to-moderate \[[@CR41]\]. RT intensities ≥ 70% of the 1RM were considered vigorous-to-near maximal \[[@CR41]\]. Training modality (i.e., free weights vs. machine-based training vs. combined free weights and machine-based training) was also included as a potentially moderating variable.

Results {#Sec10}
=======

The Methodological Quality of the Included Studies {#Sec11}
--------------------------------------------------

The median PEDro score was six \[95% confidence interval (CI) 4--6\]. This score indicates an acceptable methodological quality (i.e., low risk of bias) of the included studies. Eight out of 15 studies achieved the threshold score of six on the PEDro scale (Table [3](#Tab3){ref-type="table"}). The visual inspection of the funnel plots indicated no asymmetries and, hence, low risk of publication bias amongst the included studies.

Main Effects {#Sec12}
------------

A total of 15 studies were included in this meta-analysis. These studies consisted of 19 individual intervention arms which examined the effects of traditional RT (i.e., strength training with combined concentric and eccentric muscle actions) but not single-mode eccentric RT on measures of CoD. There was a significant positive effect of RT on CoD speed across all studies (SMD = − 0.82 \[− 1.14 to − 0.49\], *Z* = 4.94, *p* \< 0.01) (Fig. [3](#Fig3){ref-type="fig"}). The overall effect was of large magnitude and showed a significant level of between-study heterogeneity (*I*^2^ = 59%, p \< 0.001).Fig. 3Effects of resistance training (experimental) versus active/passive control on change-of-direction speed performance. *TG* training group, *SD* standard deviation, *CI* confidence interval, *IV* inverse variance

Results of Subgroup Analyses {#Sec13}
----------------------------

A summary of the effects of moderator variables is displayed in Table [4](#Tab4){ref-type="table"}. The range of heterogeneity across the different subgroups extended from 0 to 70%. Although not significantly different (*p* = 0.31), males reached larger CoD speed adaptations (SMD = − 0.95; *p* \< 0.01) following RT compared with females (SMD = − 0.60; *p* = 0.03), regardless of age. Children (SMD = − 1.28; *p* \< 0.01) displayed similar CoD speed adaptations compared with adolescents (SMD = − 1.21; *p* \< 0.01) and both groups showed greater adaptations compared with adult performers (SMD = − 0.63; *p* \< 0.01). However, this trend was not statistically significant (*p* = 0.13). Despite this, large improvements in CoD speed were observed in children and adolescents whilst only a moderate enhancement was noted in the adult subgroup. Additionally, moderate CoD speed improvements following RT were observed in elite athletes (SMD = − 0.69; *p* \< 0.01) whilst large increases were noted in subelite (recreationally active or regional level) athletes (SMD = − 0.89; *p* \< 0.01). However, this difference was not statistically significant (*p* = 0.61).Table 4Subgroup and single training factor analysesSubgroupStudies (*n*)Participants (n)Estimated effect size\
Mean (95%, CI)Within group*p*Between group*p*Within group *I*^2^ (%)Effect descriptorSex  Male14314-- 0.95 (-- 1.36 to -- 0.53)\< 0.010.3164Large  Female359-- 0.60 (-- 1.13 to -- 0.07)0.030ModerateAge groups Children (≤ 13 years)365-- 1.28 (-- 2.02 to -- 0.53)\< 0.010.1345Large Adolescents (\> 13 to ≤ 18 years)373-- 1.21 (-- 1.71 to -- 0.71)\< 0.010Large Young adults (19--28 years)13282-- 0.63 (-- 1.04 to -- 0.22)\< 0.0161ModerateTraining experience Elite488-- 0.69 (-- 1.21 to -- 0.17)\< 0.010.6128Moderate Recreational/active/regional level15336-- 0.86 (-- 1.26 to -- 0.47)\< 0.0164LargeTraining frequency 2 sessions/week10229-- 1.07 (-- 1.52 to -- 0.62)\< 0.010.0958Large 3 session/week9195-- 0.54 (-- 0.97 to -- 0.12)≤ 0.0150ModerateTraining duration ≤8 weeks13301-- 0.81 (-- 1.23 to -- 0.38)\< 0.010.9166Large \>8 weeks6123-- 0.85 (-- 1.34 to -- 0.35)\< 0.0141LargeTraining type Machine-based training7141-- 0.80 (-- 1.31 to -- 0.29)\< 0.010.8750Large Free weights7179-- 0.99 (-- 1.57 to 0.40)\< 0.0169Large Combined machine-based and free weights training478-- 0.77 (-- 1.51 to -- 0.03)\< 0.0558ModerateSession duration ≤ 30 min383-- 1.00 (-- 1.72 to -- 0.28)\< 0.010.9957Large ≥ 45 min10226-- 1.03 (-- 1.53 to -- 0.47)\< 0.0169LargeTotal number of training sessions≤ 169215-- 0.83 (-- 1.32 to -- 0.33)\< 0.010.9764Large\> 1610209-- 0.81 (-- 1.27 to -- 0.36)\< 0.0158LargeTraining intensity ≥ 30 to \< 69% 1RM5110-- 0.76 (-- 1.51 to -- 0.01)\< 0.010.8770Moderate ≥ 70% 1RM9192-- 0.77 (-- 1.24 to -- 0.29)\< 0.0157Moderate*CI* confidence interval, *n* number, *RM* repetition maximum

Results of Single Training Factor Analyses {#Sec14}
------------------------------------------

Although not statistically significant (*p* = 0.09), RT interventions including two sessions per week induced larger CoD speed improvements (SMD = − 1.07; *p* \< 0.01) than three sessions per week (SMD = − 0.54; *p* \< 0.05). Additionally, RT interventions that lasted ≤ 8 weeks or \> 8 weeks induced similarly large effects on CoD speed (≤ 8 weeks: SMD = − 0.81; *p* \< 0.01; \> 8 weeks: SMD = − 0.85; *p* \< 0.01) with no significant differences between subgroups (*p* = 0.91). Considering RT type, similar large effects following machine-based training (SMD = − 0.80; *p* \< 0.01) and free weights training (SMD = − 0.99; *p* \< 0.01) were observed on CoD speed. In terms of combined free weights and machine-based training, a moderate effect was noted (SMD = − 0.77; *p* \< 0.05). The difference between the three training modalities was not statistically significant (*p* = 0.87). Furthermore, session durations of ≤ 30 min (SMD = − 1.00; *p* \< 0.01) or ≥ 45 min (SMD = − 1.00; *p* \< 0.01) showed similarly large effects on CoD speed. Again, the difference between ≤ 30 min and ≥ 45 min was not statistically significant (*p* = 0.99). In terms of the total number of training sessions, no significant differences were observed between ≤ 16 or \> 16 sessions (*p* = 0.97). In both cases, the RT effect was of large magnitude (≤ 16: SMD = − 0.83; *p* \< 0.01; \> 16: SMD = − 0.81; *p* \< 0.01). Considering training intensity, light-to-moderate intensities (≥ 30% to \< 69% 1RM) (SMD = − 0.76; *p* = 0.05) were as effective as vigorous-to-near maximal (≥ 70% 1RM) (SMD = − 0.77; *p* \< 0.01) with no significant difference between the two ranges (*p* = 0.87).

Results of the Meta-Regression {#Sec15}
------------------------------

The random effects meta-regression included four training variables (i.e., the total duration of the training, training frequency, training intensity, and session duration) (Table [5](#Tab5){ref-type="table"}). None of the training variables significantly predicted the effects of RT on CoD speed (*p* = 0.61--0.96). Additionally, the meta-regression analysis featured a coefficient of determination of *R*^2^ = 0.00.Table 5Outcomes of the multivariate random-effect meta-regression for training variables to predict RT effects on CoD speed performance in youth and young physically active and athletic adultsTraining variablesCoefficientStandard error95% CI*Z* valueTwo-sided *p*-valueIntercept-- 1.50582.9525-- 7.29 to 4.28-- 0.510.6101Total duration of training-- 0.00550.1246-- 0.25 to 0.24-- 0.040.9651Training frequency0.42081.1159-- 1.77 to 2.610.380.7061Session duration-- 0.00840.022-- 0.05 to 0.03-- 0.380.7029Training intensity-- 0.12030.7553-- 1.60 to 1.36-- 0.160.8735*RT* resistance training, *CoD* change-of-direction, *CI* confidence interval

Discussion {#Sec16}
==========

CoD speed represents an important and practically relevant performance determinant in a wide range of team (e.g., soccer, handball, rugby, etc.) \[[@CR1], [@CR2]\] and individual (e.g., combat sports, tennis) sports \[[@CR3]--[@CR5]\]. Our findings revealed that RT is effective in improving CoD speed in youth and young physically active and athletic adults. In addition, these results demonstrate greater RT-related effects in males compared with females and in younger (i.e., children and adolescents) compared with older (i.e., adult) individuals. However, the observed differences between subgroups were not statistically significant. Independently computed single factor analyses for different training variables (i.e., frequency \[2 vs. 3 sessions per week\]; duration \[≤ 8 vs. \> 8 weeks intervention\]; session duration \[≤ 30 min vs. ≥ 45 min\]; total number of RT sessions \[≤ 16 vs. \> 16\]; and RT intensity \[light-to-moderate vs. vigorous-to-near maximal\]) and type (i.e., free weights vs. machine-based vs. combined free weights and machine-based training) indicated that there is no particular advantage of any single training variable or type over the other.

Main Effects {#Sec17}
------------

Several factors associated with leg muscle qualities (i.e., reactive strength, concentric/eccentric strength, and left-right muscle imbalance) have been suggested to be among the primary determinants of CoD speed \[[@CR1], [@CR42]\]. Chaabene et al. \[[@CR6]\] previously indicated that to rapidly decelerate and accelerate the human body during CoD tasks, it is crucial to systematically develop eccentric (deceleration) and concentric (acceleration) strength of the lower limbs. The main finding of the present review indicated large positive effects of RT on CoD speed, regardless of sex, age, and training expertise. This suggests that the improvement of leg muscle qualities, particularly lower limb muscle strength, can transfer directly to CoD speed. This is in line with previously conducted controlled trials showing moderate-to-large effects of RT on CoD speed in young individuals \[[@CR43]--[@CR48]\]. For instance, Christou et al. \[[@CR43]\] studied the effects of strength training on CoD speed in adolescent soccer players and observed performance improvements of approximately 3% after 8 weeks and 5% after 16 weeks of training. Likewise, Hammami et al. \[[@CR48]\] examined the effects of RT on CoD speed in male soccer players aged 16 years and demonstrated significant gains (2--4%) after 8 weeks of training. Moreover, it has been shown that there are greater strength levels in individuals who are faster during CoD tests, compared with those who are slower \[[@CR49], [@CR50]\]. Overall, RT interventions that target lower limb muscle strength appear to be effective in enhancing CoD speed in youth and young physically active and athletic adults. The observed RT-related improvements in CoD speed could be caused by a combination of neural and morphological factors. In terms of neural factors, higher levels of motor unit recruitment and synchronization, as well as rate coding (firing frequency), may be among the main mechanisms that contribute to better CoD speed (39). These physiological mechanisms may enable more effective and efficient activation of the stretch-shortening cycle \[[@CR51]\]. Regarding morphological factors, an increase in the size of muscle fibres and, therefore, the level of force that a muscle and/or group of muscles can deliver, after RT could result in higher CoD speed performance \[[@CR2]\]. It is well known that high levels of strength and power (rate of force development) are critical for performance in CoD speed tasks \[[@CR13]\]. In light of this, RT has been shown to be effective in improving strength and power performances \[[@CR12], [@CR13], [@CR37]\] and, by extension, CoD speed.

Subgroup Analyses {#Sec18}
-----------------

Subgroup analyses indicated no significant sex differences with regards to the effects of RT on CoD speed. Regardless of this, it must be noted that the magnitude of the effect size was substantially larger in males (SMD = − 0.95) than it was in females (SMD = − 0.60). This aligns with the literature as it has been reported that males and females adapt differently to RT \[[@CR35], [@CR36]\]. These difference in the level of adaptations could be caused by sex-related differences in circulating anabolic hormones \[[@CR52], [@CR53]\] which are elevated in males compared with females from puberty. Maturation-related changes in the hormonal system have an impact on muscle hypertrophy \[[@CR53], [@CR54]\]. For example, during the adolescent growth spurt, it has been demonstrated that males gain up to 7.2 kg of muscle mass per year while females gain 3.5 kg over the same time period \[[@CR55]\]. Indeed, females experience a larger increase in fat mass (inactive tissue) than muscle mass (active tissue) during this key developmental period \[[@CR56]\]. These maturational changes regulate adaptive responses to RT leading to lower training-related adaptations in females compared with males. Moran et al. conducted two meta-analyses dealing with the effects of RT on strength performance in young males \[[@CR34]\] and females \[[@CR40]\]. These authors revealed that males \[[@CR34]\] achieved large strength adaptations following RT (SMD = 0.98) while females displayed only moderate improvements (SMD = 0.54) \[[@CR40]\]. It is well-established that muscular strength represents an important performance determinant for CoD speed \[[@CR1], [@CR6]\]. Accordingly, the observed greater training-related CoD speed improvements in males compared with females could partly be attributed to larger RT-related increases in muscle strength. Of note, there are fewer studies available that examined the effects of RT in females compared with males which is why we retrieved only three eligible studies that were conducted with females. This means that the outcome of the between-sex comparison must be interpreted with caution. Accordingly, future studies are warranted to examine the effects of RT on CoD speed in females.

Age was also considered a moderator because of previously established RT-related differences in adaptations between the various maturity stages \[[@CR34]\]. Though chronological age is not directly aligned with maturation, older youth tend to be more mature than their younger counterparts \[[@CR34]\]. Based on a previous study \[[@CR33]\], participants were classified as children (pre-pubertal, ≤ 13 years), adolescents (mid- and post-pubertal, \> 13 to ≤ 18 years), and young adults (\> 18 years). Our findings showed similar RT-related CoD speed improvements between children (SMD = − 1.28) and adolescents (SMD = − 1.21). However, when compared with adults (SMD = − 0.63), children and adolescents achieved larger adaptations. Converse to this, Moran et al. \[[@CR40]\] showed greater RT-related strength adaptations in older (\> 15 years, ES = 0.72), compared to younger, (\< 15 years, ES = 0.38) females. Likewise, in another meta-analysis examining the effects of RT on muscle strength in males, Moran et al. \[[@CR34]\] demonstrated larger strength gains in pubertal (ES = 1.11) and postpubertal (ES = 1.01) compared with prepubertal individuals (ES = 0.50). The authors attributed the lower magnitude of RT-related strength adaptations to the fewer pathways of adaptation in younger (i.e., mostly neural in nature) compared to older participants (i.e., neural and morphological factors) \[[@CR34]\]. Asadi et al. \[[@CR19]\] showed that plyometric training improved CoD speed (ES = 0.86) with a tendency towards greater training-related adaptations in more mature (mid \[ES = 0.95\] and postpubertal \[ES = 0.99\]) compared with less mature (prepubertal \[ES = 0.68\]) participants. The cause of this divergence between the outcomes of the present study and previous studies \[[@CR19], [@CR34], [@CR40]\] is not clear but it seems that other factors could have moderated the effects of RT on CoD speed. For instance, the main outcome differences between the present review (a task of relative strength and high coordinative level) and the previous research \[[@CR34], [@CR40]\] (task affording maximal strength) appear to have reversed the trend of adaptation. Moreover, categorising maturation was done in a slightly different way compared with previous studies \[[@CR34], [@CR40]\]. Specifically, the study of Moran et al. \[[@CR34]\] does not include young adults category and considered mid and pubertal individuals in two separate categories. In the current study, the mid and pubertal subjects were merged into one single category. This could have affected the results. Also, the diminished resistance training-related adaptations observed in older compared with younger individuals can most likely be explained by the law of diminishing returns. Specifically, to achieve similar performance gains, individuals with high fitness status and/or more training experience (i.e., the time span an individual has been performing RT) have to increase their training volume more than individuals who are less fit and/or less experienced \[[@CR57]\]. In fact, it has been shown that when the applied training stimulus is similar, individuals with more training experience are less likely to achieve large magnitudes of performance improvements compared with less experienced subjects \[[@CR37], [@CR56]\]. This hypothesis is reinforced by the training status of the adult participants that were included in this meta-analysis. In fact, the training status ranged from physically active individuals to elite level athletes. Notably, the majority of participants were included in structured sports activities. We consider our maturity-specific findings preliminary given the limited studies that have been conducted with children (*n* = 3) and adolescents (*n* = 3), compared to adults (*n* = 13). Accordingly, more research is needed to examine the effects of RT on CoD speed adaptations according to biological maturity level. Additionally, given that the physiology of males and females varies with age and maturation \[[@CR52], [@CR58]\], further studies exploring sex-specific CoD speed adaptations following RT are needed, taking biological maturity into consideration.

In terms of the level of competitiveness of the participants, results demonstrated moderate CoD speed improvements to RT in elite athletes and large increases in sub-elite athletes. As outlined above, it has been reported that gains in any RT-related measure are affected by the degree of adaptation that has already been realised by a trainee \[[@CR57], [@CR59]\], implying the presence of a ceiling preventing continued adaptation. Indeed, a lower magnitude of adaptation would be expected in individuals with more, compared with less, training experience \[[@CR56]\], explaining the larger RT-related adaptations in CoD speed in sub-elite compared with elite athletes.

Effects of Single Training Factors {#Sec19}
----------------------------------

Our findings showed larger RT-related CoD speed adaptation magnitude following two (SMD = − 1.07), compared with three, RT sessions per week (SMD = − 0.54). However, this was not statistically significant. For the remaining variables (i.e., total training intervention duration and single session duration, number of training sessions, and training intensity), similar improvements were observed. Moran et al. \[[@CR40]\] revealed larger RT-related adaptations in strength performance in studies with fewer training sessions (≤ 16), shorter training intervention duration (≤ 8 weeks) and lower training frequencies (≤ 2 sessions per week) in females. Similar to what we observed, Asadi et al. \[[@CR20]\] demonstrated no additional effects of high, compared to moderate, and low, intensity plyometric training on CoD speed. Overall, based on our findings, it seems more beneficial to favour lower over higher RT frequencies, volumes, and intensities to improve CoD speed in youth and young physically active and athletic adults. This may allow more time for sport-specific technical and tactical training and for the trainee to recover and adapt to the applied training stimuli \[[@CR60]\]. Regarding RT type, our results indicate large-sized effects for free weights (SMD = − 0.99) and machine-based training (SMD = − 0.80) and moderate effects for combined free weights and machine-based training (SMD = − 0.77). Of note, there were no significant differences between the three training modalities. Lesinski et al. \[[@CR12]\] studied the effects of RT on components of physical fitness in young athletes. These authors revealed that RT interventions using free weights were more effective in improving muscle strength (SMD = 2.97) and CoD speed (SMD = 1.31) than other training modalities such as machine-based training and combined free weights and machine-based training. However, these findings are limited by the small number of studies that were included in each subanalysis. For example, for muscle strength, Lesinski and colleagues included three studies using machine-based RT and only two studies using RT with free weights \[[@CR12]\]. For CoD speed, only one study used free weights RT and none used machine-based RT. Future research is needed that directly contrasts the effects of machine-based versus free weights RT on CoD speed. Eccentric RT has been shown to play a crucial role during CoD tasks, particularly during the braking (deceleration) phase \[[@CR6]\]. However, we should mention that none of the included studies in this meta-analysis have examined the effects of eccentric RT. This raises a gap in the literature indicating that future studies are required to cover this promising topic.

Limitations {#Sec20}
-----------

The present systematic review with meta-analysis has some limitations that warrant discussion. First, all the included studies examined the effects of RT on so-called 'pre-planned' CoD speed tests where no immediate reaction to a stimulus was required of the participant. Indeed, in an organic sports setting, directional changes are generally performed in response to an external stimulus (i.e. movement of opponent or ball) \[[@CR1]\] and this means that in addition to the physical component of CoD, a cognitive component (e.g., recognition of a stimulus, reaction) is also demanded. To the authors' knowledge, there are no studies available in the literature that examined the effects of RT on pure agility performance (i.e. physical and cognitive components) \[[@CR2]\]. The few intervention studies available investigated the effects of small-sided games or video-based perceptual training on agility performance, among others \[[@CR2]\]. This seems to be due to the complex nature of agility performance which is dependent on both the cognitive (decision making) and physical (e.g., acceleration/deceleration, etc) components of movement and performance \[[@CR1]\]. Moreover, there appears to be a distinct lack of well-accepted and valid assessment protocols for agility as characterised by these observations. Of note, it has previously been postulated that the relevant importance of muscular strength may diminish if a cognitive challenge is included \[[@CR2]\]. This is reinforced by a previous cross-sectional study showing trivial-to-small associations between agility and measures of physical fitness including muscle strength \[[@CR50]\]. However, the question of the effects of RT on agility performance is yet to be explored and should be the focus of future studies. This could help to develop more ecologically valid training-related recommendations. A second limitation is related to the limited number of eligible studies and, particularly, the significant heterogeneity across the included studies which undermines the accuracy of the inter-study comparison. Moreover, for subgroup analyses, the dichotomisation of continuous data could result in residual confounding and reduced statistical power \[[@CR61], [@CR62]\].

Conclusions {#Sec21}
===========

RT seems to be an effective means to improve CoD speed in youth and young physically active and athletic adults. Regarding sex differences, our subgroup analyses showed that males achieved larger adaptations than females, though the differences were not statistically significant. Additionally, we noted greater RT-related CoD speed improvements in children and adolescents, compared with adults. This seems to be related to the lower training age in younger, compared to older participants which might negate other relevant factors such as fewer available pathways of adaptation. Furthermore, independently computed single factor analyses for different training variables showed that higher compared with lower RT volumes, frequencies, and intensities had no advantage in the magnitude of CoD speed improvements. This finding can be explained by the principle of training specificity and how it applies to the force-velocity relationship. In other words, high-speed movements as in CoD tasks afford strength exercises of low resistance and high movement speed. However, this hypothesis needs to be verified in future studies. Regarding RT type, comparable improvements in CoD speed were achieved following either free weights or machine-based training. This finding needs to be substantiated in future longitudinal studies.
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